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We analyzed currents associated with upward connecting leaders (UCLs) initiated from the Kennedy Space
Center Industrial Area Tower in two negative cloud-to-ground strokes that struck the tower. One stroke was also
recorded using a high-speed video camera located 760 m from the KSC IAT. The NLDN-reported peak currents for
the two strokes were — 31.7 and — 98.5 kA. During the UCL development phase the current waveforms exhibited
a monotonically (quasi-exponentially) increasing “background” current overlaid with 10-ps scale pulses with a
median amplitude of 51.1 A. The UCL current durations for the two strokes were 1039 and 449 ps, respectively.
During the pre-attachment processes (UCL and slow front) the total negative charge effectively transferred to
ground were 70.2 and 55 mC, respectively. For the stroke captured on high-speed video, the average line-charge-
density for the 109-m long UCL was found to be 0.5 mC/m. The average UCL 2-D speed was 2.4 x 10° m/s, and it
was observed to accelerate toward the downward leader prior to attachment. We observed that UCL-pulse
amplitudes are larger, background currents are higher, and interpulse intervals are shorter at later times dur-
ing UCLs, which can be attributed to the intensification of the local electric field due to the approaching
downward negative leader. The median positive charge injected into the UCL by a pulse was 297 pC. The UCL
associated with the higher peak-current stroke produced the highest injected pulse-charge values about three
times sooner during its development, likely due to the 2-2.7 times faster average downward leader vertical
speeds.

on slower (millisecond-scale) “background” current. From the perspec-
tive of charge transferred to ground, UULs can be considered to be a

1. Introduction

The Industrial Area Tower (IAT) at the Kennedy Space Center (KSC)
is a 91.5-m tall tower (with grounded guy-wires attaching to different
heights on the tower) located in a region with flat ground with a light-
ning flash density in the range of 8 to 12 flashes/sq. km/year (Nag et al.,
2021). A lightning current measurement system was installed at the top
of this tower to measure currents associated with natural downward
lightning processes including upward connecting and unconnected
leaders as well as first return-stroke slow-fronts and fast-transitions. Nag
et al. (2021) provide a detailed analysis of currents of eight upward
unconnected leaders (UULs) initiated from the IAT. UUL-currents con-
sisted of faster (total durations of the order of 10 ps) impulses overlaid

bipolar lightning phenomenon. Nag et al. (2021) defined the time-
period between the inception of a UUL's current and the current-
polarity reversal (which occurs at the time of the nearby return
stroke) as its development phase and the time-period following the
current-polarity reversal as its collapse phase. All UULs studied by Nag
et al. (2021) initially transferred negative charge to ground (median of
6.4 mC over a median time-period of 789 ps) followed by an effective
transfer of positive charge to ground (median of 4.7 mC over a median
time-period of 388 ps).

Tall (effective height > 150 m or so) towers/objects tend to initiate
upward lightning, often triggered by nearby positive cloud-to-ground
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lightning (e.g., Warner et al., 2012; Yuan et al., 2017; Yuan et al., 2021).
As a result, measurements of currents of downward first strokes in
natural lightning attaching to instrumented tall objects are relatively
rare (e.g., Berger et al., 1975; Visacro et al., 2004, 2010, 2012; Takami
and Okabe, 2007; Miki et al., 2019; Chen et al., 2022). Such measure-
ments can provide important insights into the characteristics of
return-stroke current pulses which are important for lightning protec-
tion system design, lightning locating system validation, and power
systems analyses (e.g., CIGRE TB 549, 2013, Rakov and Uman, 2003, Ch.
18; Fuchs et al., 1998; Narita et al., 2000; Nag et al., 2015; Schulz and
Nag, 2020). Detailed measurements and characterization of currents
associated with the upward connecting leader (UCL) in natural down-
ward negative lightning remain scarce (e.g., Visacro et al., 2010; Visacro
et al., 2017a; Qiu et al., 2019). Understanding the characteristics of
UCLs is important for deciphering the details of the attachment pro-
cesses that follow the UCL in downward cloud-to-ground lightning (e.g.,
Tran and Rakov, 2017; Nag et al., 2023) as well as for lightning pro-
tection and safety. Visacro et al. (2017a) examined the characteristics of
UCLs in negative cloud-to-ground lightning at the Morro do Cachimbo
Station (MCS) near Belo Horizonte, Brazil using current, electric field,
and high-speed video camera measurements. UCL currents consist of
millisecond-scale “background” current overlaid with faster current
pulses, as is the case for UUL current signatures. However, for UCLs the
current keeps rapidly (quasi-exponentially) increasing with time all the
way up to the return-stroke peak, and unlike UUL-currents, there is no
current-polarity reversal during UCLs. Visacro et al. (2017a) estimated
the two-dimensional (2-D) arithmetic mean propagation speed for three
UCLs to be 0.6, 1, and 1.6 x 10° m/s.

Conventionally, especially for the purposes of modeling (e.g., Nag
and Rakov, 2016; Rakov and Uman, 1998), the return-stroke pulse is
defined to begin following the attachment of the upward and downward
leaders. The initial rising portion of the return-stroke current and their
associated electric field waveforms have two separate phases called the
slow front and fast transition (Weidman and Krider, 1978; Nag et al.,
2012). The slow-front current in first strokes has often been attributed to
the presence of a UCL (e.g., Rakov and Uman, 2003, p. 144) or been
associated with the common streamer zone formed prior to the attach-
ment of the upward and downward leaders (e.g., Cooray et al., 2004). In
return-stroke electric radiation field waveforms (measured at distances
of several tens of kilometers from a stroke's location), the slow front
appears as the initial (typically concave-shaped) deflection of the field
from the zero or background value prior to the stroke and occurs soon
after the last leader step (e.g., Nag et al., 2012). Sometimes, a leader-step
pulse (likely associated with stepping in a downward leader branch,
rather than in the main leader channel which attaches to the upward
leader) is overlaid on the slow front field change. This relatively-slowly
rising portion of the field waveform is about 2-8 ps in duration and
constitutes as much as roughly half the return-stroke peak field ampli-
tude (Weidman and Krider, 1978). Recent time-synchronized ultra-high-
speed video camera and electromagnetic field/channel-base current
measurements of downward negative natural lightning strokes (Nag
et al., 2023; Plaisir et al., 2023) show that the appearance of the com-
mon streamer zone is marked by a rapid increase in field/current asso-
ciated with the slow front. The fast transition follows the slow front and
is an abrupt transition to peak, which according to Weidman and Krider
(1978, 1980), has a 10-t0-90% risetime of 0.1-0.2 ps or less for first
strokes when the field propagation is over seawater.

In this paper, we examine in detail the characteristics of measured
current-waveforms of UCLs leading to attachment and return-stroke
pulses for two downward negative strokes that struck the KSC-IAT. We
also examine high-speed video camera data for one stroke and discuss
the line-charge-density characteristics of the UCL.

2. Measurement system and data

The measurement system at the IAT is described in detail by Nag
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etal. (2021). It consists of a shunt and a Rogowski coil near the base of a
6.2-m tall mast and Franklin rod installed at the top of the 91.5-m tall
tower. Current from the base of the Franklin rod was brought by a down-
conductor to the current measurement box at the tower-top that con-
tains the shunt and Rogowski coil. The current was measured in four
separate channels, three from the shunt followed by electronic ampli-
fiers, and one from the Rogowski coil followed by an integrator,
resulting in broadband (DC - 10 MHz for shunt and 0.05 Hz —10 MHz for
Rogowski coil) current measurements in the range of 1.73 A to 200 kA.
The root mean square (RMS) noise floor for a bandwidth upper-limit of
1 MHz was 0.64 A. Data in all channels were transmitted via fiber optic
links from the tower-top to its base where they were digitized using a 12-
bit oscilloscope at a rate of 25 MHz (sampling interval of 40 ns). The
record-length was 2 s with a 750-ms pre-trigger. All data were GPS
timestamped to allow correlation with other datasets. In this study, we
examined current waveforms of two UCLs leading to attachments to the
tower on August 9, 2018 (stroke 080918) and July 26, 2019 (stroke
072619). Fig. 1 shows the return-stroke current waveforms recorded by
three of our measurement channels (two shunt and the Rogowski coil)
for the stroke occurring on August 9, 2018. The shunt channel 3 (satu-
rating at £120 kA) was not operational for this case. Note that in this
paper the polarity of the current indicates the polarity of charge being
effectively transferred to ground. As summarized in Table 1, the U. S.
National Lightning Detection Network (NLDN) and the Mesoscale
Eastern Range Lightning Information System (MERLIN) (Nag et al.,
2021; Hill et al., 2016; Roeder and Saul, 2017) geolocated stroke
080918 at distances of 360 and 200 m from the tower, respectively, and
stroke 072619 at distances of 230 and 43 m, respectively. Stroke 080918
appeared to be the last stroke of a four-stroke negative cloud-to-ground
flash that followed a new channel to ground and terminated on the
tower. Stroke 072619 was the first stroke of a six-stroke negative cloud-
to-ground flash. Only the first stroke terminated on the tower. Note that
this stroke, which had an NLDN-reported peak current of 98.5 kA,
damaged our Rogowski coil. Additionally, the first two shunt channels
were saturated (by design) prior to the return-stroke current peak and
the third channel appeared to be affected by relatively large-amplitude
high-frequency noise immediately preceding the return-stroke peak. As
a result, the peak current for this stroke could not be accurately
measured. Based on the waveform behavior prior to and during recovery
from saturation, we estimate the peak current to have been in the range
of 100-120 kA.

We analyzed the time-evolution of UCL currents (both the back-
ground current and the microsecond-scale current pulses) in a manner
similar to the analyses of the UUL currents reported by Nag et al. (2021)
to facilitate intercomparison. In order to obtain reliable estimates of
computed charge transferred to ground during various (low-current and
high-current) stages of the strokes, we digitally integrated our most
sensitive current measurement channel available until its saturation, at
which point we used the next most sensitive measurement channel
available.

A Phantom Miro high-speed video camera, located at 760 m from the
tower, recorded stroke 072619 at 10,000 frames per second (98.46 pus
exposure time, 1.54 ps deadtime) with a 50 mm lens. The pixel resolu-
tion was 0.313 m/pixel. The attachment of the downward and upward
leaders occurred within the field-of-view of the camera. The sensitivity
was set such that the return-stroke frame was not overexposed. The
camera record was used to determine the 2-D length of the upward
leader for this stroke. Finally, we used very high frequency (VHF) data
from the KSC Lightning Mapping Array (LMA) to determine average
speeds for the downward negative leaders of both strokes in our dataset.

3. Characteristics of upward connecting and downward leaders
We examined in detail the characteristics of the upward connecting

and downward leaders in each of the two strokes in our dataset using
measured currents and video camera records. A summary of the UCL-
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Fig. 1. Return-stroke current waveforms recorded by three of our measurement channels for the stroke occurring on August 9, 2018, shown on a 1.5-ms timescale.
The polarity of the current waveform indicates the polarity of charge being effectively transferred to ground. The current in channels 1 and 2 (red and blue
waveforms, respectively), both measured by the shunt, saturated at about —600 A and — 25 kA, respectively. The current in channel 4 (black waveform) was
measured by the Rogowski coil, which had an upper measurement-limit of about 200 kA. The vertical axis for channel 1 is shown on the right and that for channels 2
and 4 is on the left. Current pulses associated with the UCL are seen in the waveform recorded in channel 1.

Table 1
Characteristics of the two strokes measured at the KSC IAT and reported by the
NLDN and MERLIN.

Stroke Stroke type NLDN reports MERLIN reports
D
Distance RS peak Distance RS peak
from current from current
tower (m) (kA) tower (m) (kA)
Last stroke via
new channel to
080918 ground of a four- 360 -31.6 200 —31.6
stroke negative
flash
First stroke of a
six-stroke
072619  negative flash; 230 -98.5 43 ~87.4

only stroke that
terminated on the
tower

characteristics is presented in Table 2.

3.1. Overall UCL, slow front, and fast transition characteristics —
duration, charge transferred, and propagation speed

We defined the duration of the UCL development phase as the time-
interval between the inception of current in the most sensitive current
measurement channel (with a lower-measurement-limit of 0.64 A) and
the beginning of the slow front. We considered the slow front in the
current waveform (see Figs. 2b and 3b, respectively, for strokes 080918
and 072619) to occur at the end of the monotonically (quasi-exponen-
tially) increasing “background” UCL current overlaid with microsecond-
scale pulses (see Figs. 2a and 3a). For stroke 080918 (Fig. 2b), we could
see a relatively sharp change in the rate of UCL-current increase that
could be defined as the onset of the slow front. On the other hand, for
stroke 072619 (Fig. 3b), the rate of increase in the UCL current leading
to the slow front was more gradual, i.e., the rate of change in current was
somewhat less pronounced (than in stroke 080918) between the slow
front portion of the current waveform and the UCL current preceding it.

Nevertheless, a change in slope of current at the beginning of the slow
front (labeled in Figs. 2b and 3b) could be discerned for both strokes.
Next, in order to define the end of the slow front and the beginning of the
fast transition, we considered the highest-slope portion of return stroke
pulse immediately preceding the peak; the fast transition was marked by
a clear increase in the slope of the current relative to the preceding slow-
front current.

The UCL durations for strokes 080918 and 072619 were 1039 and
449 ps, respectively, during which 51.1 and 43 mC of negative charge,
respectively, was effectively transferred to ground (see Figs. 2¢ and 3c).
The current increased in magnitude from zero to 1.5 kA and 3.6 kA at the
end of the UCL stage (labeled in Figs. 2b and 3b) for the two strokes,
respectively, which were 4.1% and 3.7% of the respective return-stroke
peak current. Note that for stroke 072619, we used the NLDN-reported
peak current to calculate the percentage, as we did not measure the
return-stroke peak current (and charge transfer) for this stroke (as dis-
cussed in Section 2). The slow-front durations (which occur after the
change in current-slope at the end of the UCL-stage) for strokes 080918
and 072619 were 2.2 and 1.8 ps, respectively. During the slow front, the
current increased by 11.8 and 7 kA to reach amplitudes of 13.3 and 10.6
kA for the two strokes, respectively, which were 37 and 10.8% of the
respective return-stroke peak current. 19.1 and 12 mC of negative
charge was effectively transferred to ground during the slow front stage
for the two strokes, respectively.

The fast transition 10-to-90% duration for stroke 080918 was 1.84
ps, and the rate of rise of current during this phase was 11.1 kA/ps. The
return-stroke peak current was —36.6 kA. We computed the charge
transferred over a 6.03-ms time-interval between the inception of the
fast transition in the return-stroke current waveform and when the
return-stroke continuing current decayed to zero; 8.52 C of negative
charge was effectively transferred to ground during this stage. During
the UCL, slow front, and return-stroke stages combined, 8.59 C of
negative charge was effectively transferred to ground by stroke 080918.
The parameters reported in this paragraph could not be measured for
stroke 072619, due to the reasons discussed in Section 2.

Fig. 4 shows two successive video-camera frames captured while the
UCL and the return stroke were in progress for stroke 072619 recorded
by our high-speed video camera. The tip of the UCL and the tower (top of
our Franklin rod) is labeled in Fig. 4a. The attachment point of the up-
ward and downward leaders, inferred using the direction of branching
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Table 2

Characteristics of the UCLs and return strokes (RSs) in the two strokes in our dataset determined from measured currents and video camera records.

UCL camera-derived characteristics

RS current
characteristics

Fast transition current

Total pre-

Slow front current characteristics

UCL current characteristics

Stroke
ID

characteristics

attachment

UCL

UCL

UCL 2-D
length,

Charge

Peak

Fast

10-t0-90%

fast

charge
transfer, mC

Charge

Current
increase
during

Current at

Duration,

Charge
us

Current at
UCL end?,

Duration,

s

charge

average

current transfer,

(kA)

transition

transferred

slow-front
end", kA (%
of RS peak)

transferred

per unit
length,

mC/m

speed, m/

maximum

rate of rise,

kA/ps

transition

during slow
front, mC

during UCL,
mC

kA (% of
RS peak)

duration, ps

slow front

11.1 —36.6 —8.52¢

70.2 1.84

19.1

11.8

—13.3(37)

-10.6
(10.8"

2.2

51.1

1.54.1)

1039

080918

o

2.4 x 10°

109

55

12

1.8

43

3.6 (3.7")

449

072619

2 Current is zero at the start of the UCL.

Y Calculated using the NLDN-estimated peak current of —98.5 kA.

¢ Slow front starts when the UCL ends.

4 Computed over a 6.03-ms time-interval between the fast transition start-time and RS continuing current end-time.

¢ Computed using the ratio of the sum of charge transferred during UCL and slow-front stages and the UCL 2-D length observed in the video camera frame in Fig. 4b.
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extending from the UCL, is labeled in Fig. 4b. The attachment point was
at an altitude of 182.6 m above ground level (AGL). We can estimate the
speed of the UCL based on its 2-D (on the plane of the video-camera
frame) length and time measured either using the camera inter-frame
interval or the duration of the UCL current waveform. The 2-D length
of the UCL was estimated using the length of the path (shown in Fig. 4b
with a thin red line overlaid on the UCL) along the channel. They were
46.1 m (see Section 4.1 for further discussion) and 109 m, in Fig. 4a and
b, respectively. Assuming that the 46.1-m UCL extension occurred
entirely during the first frame (Fig. 4a), we computed (using the 100-ps
inter-frame interval) an average 2-D upward extension speed for the UCL
of 4.6 x 10° m/s. This extension speed is likely an overestimate as it is
probable that the 46.1-m upward extension of the UCL from the tower-
top occurred over a longer period of time (than one frame-duration) but
the UCL was not sufficiently visibly luminous during early-times to be
recorded by our video camera. For the next frame (Fig. 4b), we
computed an extension speed of 6.3 x 10° m/s. Note that the extension
speed for this frame should be treated as underestimate, as we are un-
able to determine at which point in the 100-ps inter-frame interval the
return-stroke onset occurred. Additionally, there appears to be a sig-
nificant component of the UCL-length that was perpendicular to the
video-camera frame, resulting in the 2-D length being an underestimate
of the actual (3-D) one. The average UCL speed, assuming that the 109-m
UCL-extension occurred during the 200-us combined duration of the two
frames, was 5.5 x 10° m/s. On the other hand, the duration of current
from UCL-start to the end of the slow front (at which point, presumably,
the downward and upward leaders merge/attach, see Section 4.1 for
further discussion) for this stroke was 451 ps. If we consider the life cycle
of the UCL to be lasting this entire duration rather than just when a
luminous hot channel was visible in our video camera frames, an
average speed of 2.4 x 10°> m/s is obtained. Using the total charge
transferred during the pre-attachment phase (from the inception of the
UCL-current to the end to the slow front) of 55 mC, the average line-
charge-density for the 109-m long positively-charged UCL was found
to be 0.5 mC/m.

3.2. Downard leader propagation speed

For stroke 072619, the 2-D length-extension of the downward leader
during the 100-ps inter-frame interval between its tip labeled in Fig. 4a
and the attachment point in Fig. 4b was 14.5 m, yielding a 2-D down-
ward leader extension speed of 1.45 x 10° m/s just prior to attachment.
This speed is likely an underestimate due to the same reasons discussed
in the previous paragraph.

Fig. 5 shows the scatter plot of the KSC LMA VHF source altitudes
versus time relative to the NLDN-reported ground-strike time for the two
strokes. We obtained an estimate of the downward leader vertical speed
using these data. For stroke 080918, the average vertical speeds were
1.8 x 10° m/s between the 5.5 and 2.75 km and 2.3 x 10° m/s below
2.75 km AGL. The average vertical speeds for stroke 072619 were 3.6 x
10° m/s and 6.3 x 10° m/s, respectively, for the two altitude ranges.

3.3. Characteristics of microsecond-scale UCL pulses

As shown in Figs. 2a and 3a, UCL-currents consist of faster (total
durations of the order of 10 ps) impulses overlaid on a slower (milli-
second-scale) “background” current. We examined in detail the char-
acteristics of the microsecond-scale current pulses that occurred during
the development of the two UCLs in our dataset. These pulses result in
the injection of positive charge into the upward leaders effectively
transferring negative charge to ground. Table 3 shows the characteristics
of these pulses in the two UCLs and Fig. 6a-f show histograms of the
characteristics. The median pulse total duration, full-width at half
maximum (FWHM), background-to-peak risetime, and 10-to-90% rise-
times for 79 pulses in the two UCLs were 11.6, 4, 3.4, and 1.9 ps,
respectively. The background-to-peak pulse amplitude, which is the
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Fig. 3. Current waveforms for stroke 072619 measured using the (a) 600-A and (b) 25-kA shunt channels shown on a 214-ps timescale. The dotted black line in (a)
indicates the estimated “background” current level during the UCL stage on which UCL current pulses (one is labeled in (a)) are overlaid. The UCL stage ends when
the slow front starts in the current waveform as labeled in (b). The end of the slow front is marked by the inception of the fast transition. (c) The charge transfer was
computed by appropriately integrating the measured current waveforms. Note that the inception of the UCL current occurred prior to the beginning of this

time-window.

pulse amplitude relative to the background current-level at the start of
each pulse (rather than the zero current-level) ranged from 6 to 376 A,
with the median being 51.1 A. Interpulse intervals (N = 77) ranged from

10.3 to 33.7 ps, with the median being 16.4 ps. The negative charge
injected by each pulse (between its start and end times) into the
developing UCL ranged from 30.1 to 4467 pC, with the median being
297 pC. The histogram of the magnitude of the injected pulse charge is
shown in Fig. 7a. For both our UCLs, the magnitude of the injected pulse

charge increased geometrically for pulses occurring later in the UCL, as
can be seen from Fig. 7b, which shows the scatter plot of the pulse-
charge magnitude versus time from first-pulse peak.
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at an altitude of 182.6 m AGL. The thin red line drawn along the UCL indicates the 2-D path whose length was used to estimate the UCL 2-D length.
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Fig. 5. Scatter plot of the KSC LMA VHF-source altitudes AGL versus time relative to the NLDN-reported ground-strike time (¢t = 0) for stroke 080918 (in blue) and
072619 (in orange). The dashed lines indicate the slopes, i.e., the average downward leader (DL) vertical speeds for altitudes between 5.5 and 2.75 km and below

2.75 km for each stroke.

4. Discussion

4.1. On leader characteristics and cloud-to-ground attachment processes
Our overall average 2-D UCL speed of 2.4 x 10° m/s for the 109-m

long UCL072619 was comparable to (but greater than) the average 2-

D speeds of 0.6 x 10° to 1.6 x 10° m/s reported by Visacro et al.
(2017a) for 52-83 m long UCLs at the Morro do Cachimbo Station in

Brazil, as well as the speed of 1.4 x 10° m/s reported by Saba et al.
(2022) for a roughly 11-m long segment of UCL from a tall (about 80 m
AGL, Saba, personal communication, Saba et al., 2023) building in
Brazil. For lightning striking trees in Gainesville, Florida, Tran and
Rakov (2017) reported 2-D speeds ranging from 1.8 x 10° t0 6.0 x 10°
m/s for 11-25 m long UCLs (in virgin air prior to the formation of the
common streamer zone), with an arithmetic mean (AM) of 3.4 x 10° m/
s, which is similar to our UCL's average speed. Also, for a 400 m long UCL
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Table 3
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Summary of characteristics of microsecond-scale current pulses in the two UCLs. Note that these pulses injected positive charge into the UCLs, therefore, effectively

transferring negative charge to ground.

Flash ID Parameters  Total Full-width at half Background-to-peak 10-t0-90% Background-to-peak Interpulse Pulse charge
duration, ps maximum, ps risetime, ps risetime, s pulse amplitude, A interval, ps magnitude, pC
gﬁﬁ: 12.8 46 3.7 2.0 45.7 17.7 336
UCL080918 size N =56 N =56 N =56 N =56 N =56 N =55 N =56
4.1-22.3 1.1-11.8 0.8-9.9 0.4-9.7 6-335 11-33.7 30.1-4467
Range
gﬁ;ﬁ: 87 2.5 2.1 11 66.3 151 201
UCL072619 size N =23 N=23 N =23 N=23 N=23 N=22 N=23
5.6-15.3 1.3-8.1 0.7-8.3 0.4-7 18.2-376 10.3-22.6 52-3779
Range
2’;;1;7: 11.6 4.0 3.4 1.9 51.1 16.4 297
All size N=79 N=79 N=79 N=79 N=79 N=77 N=79
4.1-22.3 1.1-11.8 0.7-9.9 0.4-9.7 6-376 10.3-33.7 30.1-4467
Range
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Fig. 6. Histograms showing the (a) total duration, (b) full-width at half-maximum, (c) background-to-peak risetime, (d) 10-to-90% risetime, (e) absolute
background-to-peak pulse amplitude, and (f) interpulse interval for current pulses occurring during the two UCLs in our dataset (56 pulses in UCL080918 are shown
in blue bars and 23 pulses in UCL072619 are shown in brown bars). Statistics shown are sample size (N), median (Mdn), geometric mean (GM), arithmetic mean
(AM), and standard deviation (SD). The corresponding maximum and minimum values are shown in Table 3.

initiated from a 440 m tall building, Lu et al. (2013) reported an AM
speed of 4.2 x 10° m/s, which is comparable to our UCL speed. Our
observation indicated that the UCL speed increased from 4.6 x 10°
(which is very likely an overestimate, see Section 3.1) to 6.3 x 10°> m/s
(likely an underestimate) as the UCL extended upward to attach to the
downward leader. This observation of the UCL's upward acceleration is
consistent with those by Visacro et al. and Tran and Rakov. Also, for two
long (about 180 and 230 m) UCLs initiated from tall (>100 m) towers,
Warner (2010) reported 2-D speeds increasing from 2.6 x 10* to 2.8 x
10° m/s and from 8.4 x 10* to 3.7 x 10° m/s. Next, we discuss a po-
tential source of error/uncertainty in our estimate of UCL speed. Note
that the UCL is faintly luminous in the frame shown in Fig. 4a. In upward
positive leaders, sometimes the luminosity of the lower section of the
leader is too low to be detected by camera measurements probably due
to increased conductivity resulting from repeated (relatively low
amplitude) current pulses flowing via the lower channel section to
ground (Visacro et al., 2017a) as the leader progresses upward. This is
consistent with our UCL observation in Fig. 4a, where the section of the
channel immediately above the tower is too dim to be imaged. However,
our estimate of UCL speed of 4.6 x 10° m/s from the frame shown in

Fig. 4a is primarily dependent upon our ability to detect the tip of UCL.
The vicinity of the leader-tip is often the most luminous section of the
channel from which luminosity pulses repeatedly travel backward along
the channel in developing downward negative (e.g., Wang et al., 1999;
Khounate et al., 2021) and positive (e.g., Kong et al., 2008; Wang and
Takagi, 2011) leaders as well as upward positive leaders (e.g., Visacro
et al., 2017b, see their Figs. 1 and 2). Additionally, each video camera
frame in our data contains an integration of light over the relatively long
exposure time of 98.46 ps, which makes it more likely that the portions
of the UCL with relatively long-lasting brightness (such as near the UCL
tip) would be detected. In summary, it is very unlikely that the portion of
the UCL detected in the frame in Fig. 4a is somehow the lower section of
the UCL, while the upper section of the channel closer to the tip
remained undetected. Also, the pixel resolution for our video camera
measurement was 0.313 m/pixel, so the error per pixel in the estimated
2-D length and speed for the 46.1-m UCL-length was just 0.68%.

Our downward leader speed of 1.45 x 10° m/s, derived from
sequential video-camera frames during 100 ps prior to attachment, is
similar to the expected average speed of a negative stepped leader in
cloud-to-ground lightning (Rakov and Uman, 2003). Visacro et al.
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Fig. 7. (a) Histogram of the magnitude of pulse charge (charge injected by each UCL pulse) and (b) scatter plot showing pulse-charge magnitude versus time from
first-pulse peak for 79 pulses in the two UCLs in our dataset, color-coded by flash ID. Note that these pulses injected positive charge into the UCLs, therefore,
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(2017a), Saba et al. (2022), and Saba et al. (2023), respectively, re-
ported average downward leader speeds of about 2 x 10°, 1.2 x 10°, and
2.9 x 10° m/s in Brazil. Note that, our downward leader speed is 4.6
times slower than the average speed of 6.7 x 10° m/s reported by Tran
and Rakov (2017). This faster average downward negative leader speed
reported by Tran and Rakov versus in this study could be due to Tran and
Rakov's observations being at lower altitude-ranges (about 30-120 m or
so AGL for them versus at about 190 m in this study, see Fig. 4) with
shorter upward leaders. The electric field environment ahead of the
downward leader tip is expected to be more intense closer to ground-
level (e.g., Nag and Rakov, 2016). This hypothesis is supported by our
observation of the LMA-derived average downward-leader vertical
speed increase with decreasing altitude (between 5.5 and 2.75 km versus
below 2.75 km) for the two stokes examined in this study (see Fig. 5). It
is also consistent with Khounate et al. (2021)’s conclusion that leader-
step lengths and speeds are affected by the varying electric field envi-
ronments at different altitudes above ground. Additionally, our leader
vertical speeds were 2-2.7 times faster for the stroke with higher peak-
current (3.6-6.3 x 10° m/s for stroke 072619 with NLDN-estimated
peak current of 98.5 kA versus 1.8-2.6 x 10° m/s for stroke 080918
with 31.6-kA peak current). It is expected that higher return-stroke peak
currents are associated with higher leader line-charge-densities (Khou-
nate et al., 2021) that produce higher fields in which leaders may travel
at faster speeds as they approach ground.

We computed an average line-charge-density of 0.5 mC/m for the
full extent of the 109-m long UCL072619. Using measurements of
electric field and modeling, Thomson et al. (1985) estimated the line
charge densities for 10 negative downward stepped leaders near ground
to be in the range of 0.7 to 32 mC/m, which is higher than our positively
charged UCL's line-charge-density. Saba et al. (2023) reported line
charge densities of 0.049 and 0.082 mC/m for a 40.2-m UUL and a 50.4-
m UCL, respectively, from lightning rods 52 m AGL on a building in Sao
Paulo City, Brazil associated with a 73-kA negative first return stroke.
These line charge densities are about an order of magnitude lower than
that reported by us and could be due to the peak current of our stroke
being about 26% higher and our UCL-length being roughly twice that of
theirs (due to our strike object being a tower with roughly twice the
height of their building).

Our multi-channel current measurements (ranging from an RMS
noise-floor of 0.64 A to saturation at 200 kA) allowed the detailed
characterization of the UCL current leading to the rising portion of re-
turn stroke pulse for natural lightning. The onset of the slow front was
marked with a relatively sharp change in the rate of current increase
from the preceding UCL current. The beginning of this rapid change (see
e.g., Fig. 2b) in current occurred within 1 ps of the saturation of our 600-
A channel (Fig. 2a). This rapid increase in current is likely due to the
formation of the common streamer zone as shown by the correlated
current and ultra-high-speed video camera measurements of Plaisir et al.
(2023). Note that we do not directly observe the common streamer zone
in our video camera data in this study due to insufficient frame rate.
Interestingly, Wang et al. (2014) observed a dramatic increase in lu-
minosity in their “high-sensitivity” photodiode-array measurement
channel centered at 34 m above ground followed, within a microsecond,
by an increase in the luminosity in their “low-sensitivity” photodiode-
array channel centered 27.8 m above ground; these channels were
measuring light-intensity (with 6.2-m altitude resolution) associated
with a stepped leader/first stroke sequence in an anomalous triggered
lightning flash that struck a 10 m tall grounded, utility pole. Wang et al.
(2014) observed slow front dE/dt pulses at the onset the luminosity-
increase in the 34-m photodiode-array channel and linked it with the
“start” of the return stroke; this luminosity increase could perhaps be
viewed as being associated with the rapid increase in current at the end
of the UCL leading to the slow front (as observed in this study). Using
high-speed video observations and currents inferred from magnetic field
measurements, Tran and Rakov (2017) associated the slow front portion
of the current waveform (which reaches about one-half of the return
stroke current peak) with two leaders extending toward each other in-
side the common streamer zone (which is consistent with the slow-front-
breakthrough-phase hypothesis of Nag et al., 2012). Note that, tradi-
tionally, the slow front current has been associated with the return-
stroke (rather than pre-return-stroke) process. The “proper” onset of
the return stroke (post-attachment) is marked by the beginning of the
fast transition (Rakov and Tran, 2019; Nag et al., 2023; Plaisir et al.,
2023).
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4.2. UCL-parameter inter-relationships and comparison with UULs

Fig. 8 shows the scatter plots of various parameters of the two UCLs
in our dataset. Fig. 8(a), (c), and (e) show, respectively, the absolute
background current amplitude, absolute background-to-peak pulse-
amplitude, and interpulse interval versus time from first-pulse peak. It
appears that for about the first 70% of the UCL duration after the first-
pulse peak the background current and pulse-amplitudes did not
change remarkably, after which there was rapid increase of these pa-
rameters. For UCL080918, during the first 70% of its duration, the
median background current and pulse-amplitudes were 4.3 and 26.9 A
(N = 37), respectively; for the later 30% of its duration, the median
values increased to 61.7 and 131.5 A (N = 19), respectively. For
UCL072619, the median values increased from 2.5 and 45.2 A (N = 15),
respectively, during the first 70% of its duration to 36.3 and 157.3 A (N
= 8), respectively, during the later 30% of its duration. The interpulse
intervals for UCL080918 and UCL072619 decreased from 18.3 (N = 36)
and 15.9 ps (N = 14), respectively, during the first 70% of the UCL
duration to 14.6 (N = 19) and 12.8 ps (N = 8), respectively, for the later
30% of the UCL duration. From Fig. 8b we see that the background-to-
peak pulse amplitudes increased as the UCL background current
increased. Generally speaking, interpulse intervals were shorter for
pulses with larger peak amplitudes and also when the UCL background
current was higher (see Fig. 8d and f, respectively). This is consistent
with our observations that pulse amplitudes were larger, background
current was higher, and interpulse intervals were shorter at later times
during UCLs, which can be attributed to the intensification of the local
electric field due to the approaching downward negative leader (Nag
et al., 2021). Note that, these observations regarding the behavior of
UCLs at early versus later times are similar to the behavior of UULs
during their development phase reported by Nag et al. (2021). Also,
since we expect that the impulsive characteristics of a UCL are domi-
nantly affected by the electric field pulses (displacement current) asso-
ciated with the downward negative leader stepping, we should note that
interpulse intervals of cloud-to-ground negative stepped-leader electric
field pulses are shorter and their amplitudes are larger at later stages of
the downward leader as it approaches ground (see for example, Rakov
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and Uman, 2003, pp. 132-135). Finally, the expected relationship be-
tween the UCL impulsive characteristics and downward leader stepping
is supported by the high-speed video camera observations of Saba et al.
(2023) who reported a UUL and UCL in a downward negative stroke
alternately “respond to” different approaching downward leader
branches; their UUL and UCL current pulsations time-synchronized as
the tips of upward leaders and downward leader branches became more
proximate about 100 ps prior to the return stroke.

The overall UCL currents increased to few kiloamperes at the end of
the UCL stage and they reached about 10 kA or more at the end of the
slow front stage. On the other hand, the UUL currents reached about ten
to several hundred amperes prior to their collapse. Generally speaking,
the waveform characteristics of the UCL-pulses in this study are some-
what similar to those reported for UUL-pulses by Nag et al. (2021) (see
their Fig. 4) at the same tower. However, some key differences can be
noted between UCL- and UUL-pulses in regard to their background-to-
peak pulse amplitudes and injected pulse-charge. The median
background-to-peak pulse amplitude was 1.7 times larger (51.1 A versus
30.1 A) for UCL pulses than that for UUL pulses. Also, just prior to
attachment, the background-to-peak pulse amplitudes were larger for
UCL pulses (>300 A) than for UUL pulses (<300 A) just prior to their
collapse. The median charge injected by UCL pulses was 1.9 times higher
than that for UUL pulses reported by Nag et al. (297 versus 157 pC). At
later stages (just prior to the attachment processes between the upward
and downward leaders), the UCL-pulses injected more charge per pulse
(about 3000-4500 pC per pulse) than that by UUL-pulses (<1200 pC per
pulse) prior to “collapse” of the UULs. These differences are likely due to
the fact that, by definition, UCLs are more closely approached by a
downward leader branch (to which they ultimately attach) than in the
case of UULs (which do not attach to downward leaders).

Our two strokes had dramatically different peak currents and were
preceded by UCL-currents with differing characteristics. For the 23 UCL-
pulses in the 98.5-kA stroke 072619, the median pulse durations, rise-
times, and interpulse intervals were shorter and the median background-
to-peak pulse amplitudes higher than for those for the 56 UCL-pulses in
the 31.6-kA stroke 080918. Interestingly, for both strokes the UCL-
pulses exhibit similar maximum pulse-charge magnitudes (3.8 mC and

w
o
o

(b)
200 . g i

-
o
S

amplitude (A)

-u:-r;!.a.:l'.“' Sy o ! L 1 '
50 100 150 200 250 300 350 400
Background-to-peak pulse-amplitude (A)

Background current
o

o

N
o
o

o e e s S \ i
20 25 30 35
Interpulse interval (us)

pulse-amplitude (A)
N
o 8
r

Background-to-peak

N
(=}
-
v

w
(=]
o

N
o
o

-
o
o
T
L

amplitude (A)

d-"-""::.t-..'-. S 0 T L .
15 20 25 30 35
Interpulse interval (us)

Background current

ROy
o .
r

+ UCL080918, N = 56
+ UCL072619, N = 23

Fig. 8. Scatter plots of the (a) absolute background current amplitude versus time from first-pulse peak, (b) background current amplitude versus background-to-
peak pulse-amplitude, (c) background-to-peak pulse-amplitude versus time from first-pulse peak, (d) background-to-peak pulse-amplitude versus interpulse interval,
(e) interpulse interval versus time from first-pulse peak, and (f) background current amplitude versus interpulse interval for the two UCLs in our dataset, color-coded
by flash ID (UCL080918 in blue and UCL072619 in brown). Note that the sample sizes in all parts are 56 and 23 for UCL080918 and UCL072619, respectively, except
in (d) and (f) (in which interpulse interval is shown on the x-axes) where they are 55 and 22 for UCL080918 and UCL072619, respectively.



A. Nag et al.

4.5 mC, respectively), but the UCL associated with the higher peak-
current stroke (072619) produced these highest injected pulse-charge
values about three times sooner (after the occurrence of the first pulse
in the respective UCL, see Fig. 7b). This is likely due to the higher-peak-
current stroke (which is expected to be associated with a higher-line-
charge-density downward leader) having 2-2.7 times faster average
downward leader vertical speeds (as discussed in Section 4.1).

Visacro et al. (2010) examined the characteristics of UCL current
pulses in five negative first strokes (which they referred to as “pre-re-
turn-stroke pulses”) that attached to the 60-m tall, insulated mast, on top
of a mountain 1430 m above sea level, at the Morro do Cachimbo Station
(MCS). They reported an AM pulse amplitude, interpulse interval, pulse
duration, and risetime of 263 A, 61.9 ps, 7.5 ps, and 4 ps, respectively,
for 104 UCL pulses. Their pulse amplitude is larger than our AM
background-to-peak pulse amplitude of 86.8 A (see Fig. 6e) likely
because we measured the peak pulse amplitudes from the background
current-level rather than from the zero current-level, as apparently done
by Visacro et al. (2010). Also, their AM interpulse interval is longer than
our AM of 16.8 ps (see Fig. 6f) and their AM pulse duration is shorter
than our AM of 11.7 ps (see Fig. 6a). Their AM risetime is similar to our
AM background-to-peak risetime of 3.5 ps (see Fig. 6¢). The exact rea-
sons for the differences between the observations at the MCS and ours at
the KSC IAT remain unknown; the various contributing factors can
include the differences in the altitude of the measurement stations (at
sea level for the KSC IAT versus 1430 m above sea level at the MCS),
location of the current measurement on the towers (at the tower-top at
the KSC IAT versus at the base of the 60-m mast at the MCS), local terrain
(flat ground for the KSC IAT versus downward-sloping mountain-side at
the MCS), and geographic locations (Titusville, Florida versus Belo
Horizonte, Brazil). Interestingly, our interpulse intervals are similar to
the AM and median interpulse intervals of 22.8 and 23 ps, respectively,
reported by Saba et al. (2023) for 18 pulses in one UCL from a 52-m
building in Sao Paulo City, Brazil. Note that the UCL-pulse median
background-to-peak current amplitude reported by Saba et al. (102.5 A)
was roughly two times higher than that in this study (51.1 A); the
possible factors that could contribute to the difference in the UCL-pulse
amplitudes are the UCL length (see Nag et al., 2021), distance of the UCL
to the approaching downward leader, and the characteristics of the
downward leader stepping which would determine the displacement
current (proportional to the electric field derivative) between the
downward leader and UCL. Finally, our median UCL pulse-charge
magnitude (297 pC) is roughly an order of magnitude smaller than the
estimated minimum charge involved in the formation of a downward
leader step of 1-4 mC inferred by Krider et al. (1977).

5. Summary

We measured currents associated with two negative cloud-to-ground
strokes attaching to the KSC IAT in August 2018 and July 2019. Our
current measurements (ranging from an RMS noise-floor of 0.64 A to
saturation at 200 kA) allowed us to examine in detail the characteristics
of the current waveforms during the UCL stage as well as the rising
portion of the following return-stroke pulses. The July 2019 stroke was
also recorded at 10,000 frames per second using a high-speed video
camera located 760 m from the KSC IAT. The NLDN-reported peak
currents for the two strokes were — 31.6 and — 98.5 kA, respectively.
During the UCL development phase, the current waveforms exhibited a
monotonically (quasi-exponentially) increasing “background” current
overlaid with 10-ps scale pulses with median amplitude of 51.1 A. The
UCL current durations (time-interval between the inception of the UCL-
current and the start of the slow front) for strokes 080918 and 072619
were 1039 and 449 ps, respectively, during which 51.1 and 43 mC of
negative charge, respectively, was effectively transferred to ground. The
current increased in magnitude from zero to 1.5 kA and 3.6 kA at the end
of the UCL stage for the two strokes, respectively. The slow fronts in the
current waveforms occurred after the UCL-pulsations (at the end of the
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UCL stage); the slow-front durations were 2.2 and 1.8 ps, respectively,
for the two strokes. During the slow front, the current increased by 11.8
and 7 kA to reach amplitudes of 13.3 and 10.6 kA for the two strokes,
respectively, which were 37 and 10.8% of the respective return-stroke
peak current. The rapid increase in current (about 10 kA over roughly
2 ps) during the slow front is likely due to the formation of the common
streamer zone as shown by the time-correlated current and ultra-high-
speed video camera measurements of Plaisir et al. (2023). During the
pre-attachment processes (UCL and slow front) the total negative charge
effectively transferred to ground were 70.2 and 55 mC, for strokes
080918 and 072619, respectively. It is our perspective that the “proper”
onset of the return stroke (post-attachment) is marked by the beginning
of the fast transition; this is different than the traditional definition of
the return stroke which includes both the slow front and fast transition
portions of the return-stroke pulse as part of the post-attachment return
stroke.

We computed an average line-charge-density of 0.5 mC/m for the
109-m long UCL072619. The average UCL 2-D speed was 2.4 x 10° m/s,
and it was observed to accelerate toward the downward leader prior to
attachment. We observed that UCL pulse amplitudes were larger,
background current was higher, and interpulse intervals were shorter at
later times during UCLs, which can be attributed to the intensification of
the local electric field due to the approaching downward negative
leader. The median positive charge injected into the UCL (or negative
charge transferred to ground) by UCL pulses was 297 pC. The median
background-to-peak pulse amplitude was 1.7 larger and the median
charge injected by pulses was 1.9 times higher for UCL pulses than those
for UUL pulses at the same tower reported by Nag et al. (2021). These
differences are likely due to the fact that, by definition, UCLs are more
closely approached by a downward leader branch (to which they ulti-
mately attach) than in the case of UULs (which do not attach to down-
ward leaders). Finally, the UCL associated with the higher peak-current
stroke produced the highest injected pulse-charge values about three
times sooner (after the occurrence of the first pulse in the respective
UCL). This is likely due to the higher-peak-current stroke (expected to be
associated with a higher-line-charge-density downward leader) having
2-2.7 times faster average downward leader vertical speeds.
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